v" The behavior of bridging veins at their entrance into the superior sagittal sinus during elevated intracranial pressure (ICP) was investigated in rats using a cranial window and infusion of mock cerebrospinal fluid. The bridging veins became slightly smaller as the ICP rose (maximum reduction 17%). Compression or collapse of the veins was not observed, even at an ICP level of 100 mm Hg, and there was no cuffing of bridging veins upstream of the entrance. Both the scanning electron microscopic investigation based on resin vessel casts and the histological examination of whole-head coronal sections indicated that the narrowest points of the bridging veins are at their entrance to the superior sagittat sinus, caused by the oval aperture with thickened wall structure in the lateral sinus wall to which the bridging veins are connected. The present data thus support the concept that cerebral blood flow during intracranial hypertension is not reduced by venous cuffing or compression of the lateral lacunae and bridging veins; by contrast, the arteriovenous pressure difference seems to remain the determining factor even at high ICP. Thus, blood flow through the brain stops when ICP approaches the level of blood pressure.
I
X has long been a generally accepted assumption that compression of cerebral veins causes a reduction in cerebral blood flow (CBF) during intracranial hypertension. 8 
-~~
The main site of gradual venous compression during elevation of intracranial pressure (ICP) was hypothetically placed in the lateral lacunae j3-~5'2~ based on pressure measurements in the bridging veins, lacunae, and superior sagittal sinus; however, direct evidence has not been obtained. The aim of the present study was, therefore, to visualize through cranial windows in rats the bridging veins at their entrance into the sagittal sinus during stepwise elevation of ICP. In addition, the morphological appearance of the bridging veins, lacunae, and superior sagittal sinus was investigated in cross section under normal conditions.
Materials and Methods
Experiments were performed on six adult SpragueDawley rats, each with a body weight of 200 to 300 gm. After intraperitoneal administration of 40 mg/kg thiopental, tracheostomy, and relaxation with pancuronium bromide (60 t~g/kg), the animals were artificially ventilated with room air using a Harvard rodent respirator. One femoral artery and vein were cannulated for blood gas analysis, for recording mean arterial blood pressure with a transducer and electromanometer,* and for venous administration of drugs. Mean (___ standard error of the mean) levels of PaO2 were maintained at 106 ___ 2 mm Hg, and PaCO2 at 29 _ 1 mm Hg; during the experiments the ranges were 83 to 114 mm Hg for PaO2 and 26 to 33 mm Hg for PaCO2. Blood pH remained at 7.424 _ 0.03 (range 7.348 to 7.496) and was adjusted with intravenous sodium bicarbonate as required.
Intracranial pressure was recorded via a small plastic cannula inserted into the subdural space underneath the cranial window. The cannula was fixed and sealed with Histacrylt and connected to a three-way stopcock; one end was attached to the transducer and electromanometer, and the other end to a small-volume infusion pump for infusion of mock cerebrospinal fluid (CSF). 6
The animal was placed in the sphinx position with the head fixed in a stereotaxic head-holder. After exposure of the parietal bone with a sagittal skin incision, a 10-mm midparietal trephination was performed with a hand-driven drill. The parietal cortical region was exposed by a half-circular incision of the dura mater and reflection over the superior sagittal sinus, so as to allow direct visualization of the bridging veins as they entered the side wall of the sinus. This bone window was closed with a cover glass at the level of the internal table and was sealed with Histacryl. Variations in the diameter of the bridging veins were analyzed with a Leitz intravital microscope and the videoangiometer technique. 7 A detailed description of the cranial window technique and videoangiometry has been given in a recent review, z The ICP was elevated in 10-ram Hg steps up to 100 mm Hg by subarachnoid infusion of mock CSF at rates of 0.05 to 3.3 ml/min. At each ICP level, the physiological parameters were allowed to reach a new steady state before another infusion elevated the ICP for the next step.
A total of nine bridging veins with resting diameters ranging between 128 and 562 um were observed. Statistical analysis was performed using the Wilcoxon rank sum test.
Specimens were prepared for histological study as follows. Rats were subjected to transaortic perfusion in vivo with 10% formaldehyde; 5-mm thick whole-head slices were then cut on a microtome. The slices were fixed for 5 hours in Carnoy's solution, then prepared in an ethyl-alcohol chain, followed by 1:1 100% ethylalcohol acetone, 100% ethyl alcohol alone, and finally methanol. The slices were then embedded in methacrylate and cut into sections 5 u thick. The sections were stained with Masson's trichrome and hematoxylin and eosin.
For scanning electron microscopy (SEM) studies of the venous vessel casts, specimens were prepared as follows. Rats were anesthetized with intraperitoneal pentobarbital (Nembutal); then, through a catheter in the ascending aorta or via an internal jugular vein, they were injected first with saline and then with Mercox low-viscosity resin. 11'2 The specimens were cleaned in a rinse of 4% formic acid, frozen in distilled water, and dissected with razor blades. The resulting blocks were freeze-dried, mounted on stubs with conducting glue, and sputtered with gold-palladium.
Results

Morphological Observations Under Normal Conditions
Under normal resting conditions, bridging veins were found to enter the superior sagittal sinus through a delta-shaped opening which could be visualized in vivo via the closed cranial window, by SEM, and on histological sections. The SEM studies showed a configuration of the bridging vein entry-zones into the superior sagittal sinus ( Fig. 1 ) similar to that seen during intravital microscopy: there was widening of the horizontal diameter toward the sinus like a river delta, and a short indentation upstream followed by a bulging portion further upstream. In Fig. 2 , a cross section of a rat superior sagittal sinus is shown; it is a triangular structure similar to that of many other species of mammal. As seen in Fig. 3 , the superficial collecting and bridging veins are circular in cross section but, as they approach the superior sagittal sinus, they become oval and enter the lateral wall of the sinus as an oval structure (Fig. l) . Figure 4 shows a typical example of the histological specimens. On the coronal section, there is a marked reduction in caliber of the bridging veins at the entry into the thicker sinus wall which is identical with the FIG. 1. Scanning electron micrographs of casts produced by filling the vessels with low-viscosity resin through a jugular vein, illustrating the entrance of two different bridging veins into a superior sagittal sinus. In both cases, an oval bridging vein bulges before it narrows again to form an oval opening into the sinus. Left. This opening is shaped like a river delta. Right: This example shows marked ring-like narrowing at the orifice and a bulge upstream. indentation between the delta and the bulging seen on the SEM casts. Seen from the side of the sinus the aperture appears as a furrow-like opening toward the bridging vein. The narrow portion is the orifice into the sinus with a thickened wall structure. The slight bulging of the most distal part of the bridging vein just upstream of the orifice is a phenomenon observed on many venous junctions. L.3 various distances from the entrance into the sinus are presented in Table 1 , together with percent changes at each incremental step of ICP. Figure 5 illustrates the changes by showing the mean absolute calibers at various levels of ICP. Concomitantly with the gradual rise of ICP, the caliber of the vessels under observation was slightly reduced. Under all circumstances, the longitudinal section showed sinusoidal irregularities of caliber at distances of about 300 um along the vessels' length. While the entrance into the sagittal sinus started with a minor bulging of the vessels' lumen under resting conditions, this changed into a minor diminution of diameter during elevated ICP, and it was within this first 300 um that the maximum narrowing of 11% to 17% was measured. However, this closest part to the sinus always remained the widest part of the veins when seen in absolute terms. An example of in vivo conditions is shown in Fig. 6 .
Physiological Findings Under Normal and
When the ICP was allowed to return to normal at the end of each experiment, vessel calibers returned to their previous state. In no instance was collapse or compression of veins or arteries observed. Progressive slowing of the bloodstream was noted at ICP levels above 50 mm Hg.
Discussion
The present morphological data indicate that the caliber of bridging veins may be reduced at the point where the thin-walled bridging vein is connected to the thick dural structure of the sinus wall, a point at which the latter is also thickened (that is, at the luminal transition area between the bridging vein and the lacuna   FIG. 3 . Scanning electron micrographs of a resin cast (carotid artery injection). Left: Section showing rat pial collecting and bridging veins (V) (on the right) and intracortical vessels (on the left). Right: Rat cerebral vasculature, lateral view, at the superior sagittal sinus after paramedian sagittal sectioning of the cerebral hemisphere. This is a cross section of the entrance of a bridging vein into the sinus and shows the surface of the bridging veins and pial vessels of the contralateral hemisphere. and sinus). Upstream, just before the bridging veins enter the sinus, the vessel shows some bulging. Nakagawa, et al., ~3 have shown that the intracranial venous waterfall does not have a uniform steepness, but drops abruptly from the lacunae into the sagittal sinus. F r o m this and the observation that the sagittal sinus pressure remained unchanged during the elevation of ICP, they hypothesized an "intracranial venous pressure regulation m e c h a n i s m " at the level of the lateral lacunae. Negative transmural pressure at a short distance from the sinus wall should induce compression or collapse of the lacunae. The present morphological observations suggest that it is not the ICP that compresses the bridging veins under n o r m a l conditions, and acts as a regulator of flow and induces a sudden drop of venous pressure between the lacunae and sinus. Based on our data, we propose the hypothesis that under n o r m a l circumstances it is the rigid morphological structure (see Fig. 4 ) that causes narrowing of the venous l u m i n a (the oval hole in the sinus side wall where the bridging vein is connected to the sinus). Thus, it could be this narrowing at the entrance that causes pressure differences between the sinus and bridging veins/lacunae as measured by Nakagawa, et al., and that prevents bridging veins and upstream cer~;bral veins from collapsing by producing a slightly positive transmural pressure.
In view of the previous assumption that lacunae are compressed and lead to upstream cuffing of cerebral veins, we will consider briefly the expected consequences from a theoretical standpoint using our mor- phological data. Venous compression of bridging veins should lead to upstream congestion and passive distension of pial collecting veins. Under circumstances of normal ICP, the flow velocity of the blood must slow down between the pial and bridging veins and the dilated portion before entrance into the sinus. Even when there is marked compression of this dilated portion, the only consequence should be acceleration of flow velocity with no change in flow quantity. There is another interesting factor of the architecture where the bridging veins enter the structure of the sinus wall: the opening in the sinus wall at the confluence is not a slit but an oval hole. Thus, there is no morphological basis for an occlusion of this hole or even for significant reduction in its lumen. Upstream in the bridging vein, where transmural pressure is already positive, there is no physiological basis for compression. Table I . This schematic drawing shows the superior sagittal sinus and the mean caliber and shape of the bridging veins at various levels of intracranial pressure (ICP). The abscissa indicates the distance from the entry of the bridging vein into the superior sagittal sinus, the ordinate indicates the horizontal diameter in um. The hatched area shows the mean caliber at an ICP of 100 mm Hg, and the additional lines indicate the mean vessel size at an ICP of 60 and 20 mm Hg as well as at the resting level (R) of 4.15 mm Hg.
FIG. 5. Graphic demonstration of the data presented in
The present experiments show that bridging veins react only minimally to a range of elevated ICP's. The veins are not compressed to an extent that could explain the reduction of CBF concomitantly with ICP above 50 mm Hg. Superior sagittal sinus pressure is likely to be slightly below CSF pressure both under normal circumstances and at elevated ICP, assuming that CSF pressure is not affected by the cerebral venous pressure just upstream of the sinuses. Transmural venous pressure becomes negative shortly before the vein enters the sinus; however, during elevated ICP, the vein is not compressed so as to reduce CBF but only reduces its size minimally. The present experiments also lack any evidence of congestion and distension of bridging veins to explain a cuffing mechanism. By contrast, only progressive diminution of caliber was noted in the upstream direction. 4 The peculiarity of intracranial hydraulics lies in the rigid bone encasement of structures with some possibility of escape into the spinal canal. The incompressibility of fluids leads to equilibration of pressures in the CSF and most venous spaces situated downstream. Cerebrospinal fluid pressure and venous pressure in the superior sagittal sinus, lacunae, and bridging veins have been found to run parallel over a wide range of pressuresf '7'~3 Small differences between upstream veins and sinuses (that is, between cortical veins and ICP) are a result of the vascular waterfall. In addition, within the closed system of the skull the Starling resistor phenomenon is effective. 16 The pressure results support the view that the major event for the reduction of CBF in intracranial hypertension is not compression of venous structures near the entrance into the sinus, but a reduction in arteriovenous pressure difference. The latter event leads to a progressive flattening of the intracranial vascular waterfall until blood flow stops when venous pressure equals arterial pressure. Under normal ICP, the phenomenon of a sudden pressure drop in the sinus is explained by the morphological narrowing at the entrance to the sinus.
Two factors, however, still have to be considered in the interpretation and comparison of data in this context. One is the possibility of differing anatomy between various species used in different studies. The other is the probable varying effects of different methods used to produce intracranial hypertension. The present data are characteristic only for generalized elevation of ICP. In contrast, local pressure changes might lead to circumscribed compression or kinking of single vessels (arteries as well as veins), which may induce collapse of vascular structures downstream from a kinking, or even sagittal sinus collapse. 18 Further work will be necessary on different species for a better understanding and possible consideration of the clinical relevance of our present knowledge.
